, "Diffuse reflectance spectroscopy accurately discriminates early and advanced grades of fatty liver in mice," J. Biomed. Opt. Abstract. Nonalcoholic fatty liver disease (NAFLD) ranges from steatosis to nonalcoholic steatohepatitis and cirrhosis. Liver biopsy, considered the gold standard to diagnose NAFLD, shows significantly high rates of interobserver variability. Thus there is a need to develop tools that accurately categorize mild and advanced grades of steatosis in order to identify patients at higher risk of developing chronic liver disease. Diffuse reflectance spectroscopy (DRS) has proved to be useful in grading liver fibrosis and cirrhosis, without having been implemented for steatosis. We aim to categorize early and advanced stages of liver steatosis in a methionine-choline deficient (MCD) mouse model. C57bl/6 mice are fed either methionine-choline control or MCD diet during 2 or 8 weeks to induce mild and advanced steatosis. Liver samples are obtained and steatosis is evaluated by oil red O staining. Diffuse reflectance spectra are directly measured on ex vivo liver specimens, in a wavelength range of 400 to 800 nm. DRS is able to discriminate between early or advanced steatosis and healthy hepatic tissue with negligible error while showing high average sensitivity and specificity (0.94 and 0.95, respectively). Our results suggest that liver steatosis can be accurately evaluated by DRS, highlighting the importance of applied spectroscopic methods in assessing NAFLD.
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Introduction
Nonalcoholic fatty liver disease (NAFLD) includes a wide spectrum of histopathological changes characterized by abnormally high accumulation of lipids in the liver of patients with negligible alcohol intake or seronegative hepatitis C virus infection. 1 NAFLD might potentially progress through the lipid accumulation typically found in simple steatosis to nonalcoholic steatohepatitis (NASH), which in turn might lead to the development of fibrosis, cirrhosis, hepatocellular carcinoma (HCC), and liver failure. 2 It is then of great importance to perform an accurate classification of simple steatosis with the aim to identify patients at higher risk of developing NASH, cirrhosis, and HCC. 3 Liver biopsy remains the gold standard procedure for scoring the grade of NAFLD. 4, 5 However, numerous studies have consistently reported a significant intra-and interobserver variability at the time of scoring the level of intrahepatic lipid accumulation, most of all when attempting to measure mildto-moderate grades of NAFLD. [3] [4] [5] [6] [7] [8] Unfortunately, such a marked variability may result not only in underestimation of the steatosis degree but also in the incorrect identification of the disease, which in turn might lead to lack of an accurate medical treatment for patients. 5, 7, 8 Therefore, it is imperative to implement tools that are complementary to liver biopsy with the aim to score different degrees of liver steatosis in an accurate manner, thus reducing the intra-and interobserver variability and increasing the chance to provide opportune diagnosis and medical treatment for patients with risk of developing chronic liver disease.
Diffuse reflectance spectroscopy (DRS) is a methodology that allows identifying the absorption and scattering patterns of biological tissue. 9, 10 The absorption spectrum depends on the assortment of molecules present in the tissue, whereas the scattering pattern is mainly related to the concentration and size of those molecules. [11] [12] [13] The absorption and scattering patterns directly result from the diversity of molecules that compose a tissue, giving to each biological sample a typical optical signature also referred to as diffuse reflectance spectrum. 14 DRS has been recently used to study lipid deposition in the liver. 15, 16 In this sense, Evers et al. 15 demonstrated that human liver specimens exhibiting micro-and macrovesicular steatosis show a diffuse reflectance spectrum significantly different to that found in control liver samples without lipid depots, when studied in vivo and ex vivo at 1200 nm. A similar result has been found in murine models of NAFLD, due to lipids showing an absorption peak around 1200 nm. 17 However, there is still not enough experimental evidence regarding the characterization of hepatic diffuse reflectance (DR) spectra in the early stage of simple steatosis, especially during mild and moderate stages of fatty liver disease. The main objective of this work was to examine whether the liver tissue has a specific diffuse reflectance spectrum depending on the level of steatosis while also evaluating the feasibility of scoring liver steatosis by DRS as a complementary tool to liver biopsy in a murine model of NAFLD.
Materials and Methods

Steatosis Induction
Male C57BL/6 mice of 16 weeks of age and weighting 25 AE 5 g were obtained from the Animal Care Facilities at the Experimental Medicine Unit from the Hospital General de México and maintained under controlled conditions. Both food and water were allowed ad libitum. All procedures were approved by the Institutional Ethics Review Board at the Hospital General de México.
In order to develop different degrees of steatosis, mice were randomly assigned to be fed either a methionine-choline deficient (MCD) or a methionine-choline control (MCC) diet (MP Biomedicals, California, USA) during 2 (MCD2w) or 8 weeks (MCD8w). To avoid confounding factors due to the complexity of the degree of NAFLD, only animals developing simple steatosis were included in this study.
Sample Collection
After appropriate time of treatment, 2 weeks for MCD2w and 8 weeks for MCD8w, animals were anesthetized with xylazineketamine. Liver samples from the right lobe were obtained and preserved in sterile cold PBS for immediate DRS assessment as described below. The left lobe was divided to either be embedded in Tissue-tek OCT (Sakura Finetek, USA) and stored at −20°C until assayed; or be fixed in 3.7% formaldehyde-PBS solution to be embedded in paraffin.
Hepatic Fat Content Assessment
Histological evaluation of the degree of fatty liver disease was performed in Hematoxylin-Eosin stained sections according to the nonalcoholic fatty liver disease activity score (NAS). 18 Liver fat contents were assessed in frozen sections stained with oil red O (Abcam, California, USA) and quantified by a morphometric analysis using Image J software (NIH, USA).
Diffuse Reflectance Instrumentation and Measurements
The diffuse reflectance instrumentation used in this study has been reported elsewhere. 9 Briefly, the light source employed was a light emitting diode (LED-P3WW120-120/41 115 by SiLED Int), which operates in the range of 400 to 800 nm. The spectrometer employed was a QE65000 (Ocean Optics Corp.), which operates in the region from 400 to 1100 nm with an entrance slit of 10 μm. The fiber-optic bundle (QR400-UV-VIS, Ocean Optics Corp.) is composed of two branches, one with a single fiber-optic to collect the diffusely reflected light and deliver it to the spectrometer, and the other with a circular array of six fibers that are employed for irradiation. All fibers have a diameter of 400 μm. The operation of both spectrometer and light source is performed by means of a programmed LabVIEW interface. A schematic of the instrumentation is shown in Fig. 1 .
Ex vivo DR spectra were acquired from a total of 22 samples of liver tissue gathered from the same number of subjects: nine for MCC group, six for MCD2w group, and seven for MCD8w group. Measurements were carried out in a darkened room putting the probe tip manually establishing surface contact with the liver surface at different points without puncturing the Glisson's capsule at a spatial density of 22 points per square centimeter. This procedure was always conducted by the same operator to ensure that a nearly constant pressure was applied. Prior to spectral measurements of liver samples and after 15 min warm-up time, the dark spectrum was obtained by blocking the light input to the spectrometer. During data processing, the dark spectrum was subtracted from each measured spectrum using appropriate software. Also, reference LED-source reflectance spectrum was measured using a reflectance standard (Spectralon WS-1, Ocean Optics Corp.) with a reflectivity above 95% for the 250-to 1500-nm range, positioning the probe in close contact with the surface of the standard and perpendicular to it. For all measurements, the radiant flux power of the light source was configured at 0.7 mW (measured at the tip of the probe). The integration time of the spectrometer was set to 100 ms. All spectra were limited to the 400-to 800-nm range. The spectrometer setting was such that its spectral resolution is equal to 0.77 nm, which yields 522 measuring points in each spectrum. Diffuse reflectance measurements of each sample were converted to relative reflectance values using E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ; 6 0 9 R d ðλÞ ¼
where R d ðλÞ is the relative reflectance intensity at wavelength λ, SðλÞ is the sample intensity at wavelength λ, DðλÞ is the dark intensity at wavelength λ, and S ref ðλÞ is the reference (source) intensity at wavelength λ.
Statistical Analysis
A total of 428 DR spectra were acquired: 153 spectra for MCC group, 143 for MCD2w group, and 132 for MCD8w group. For every group, the mean of all the measured spectra as well as its standard deviation were calculated. Areas under the curve (AUC) of all spectra in the interval from 400 to 800 nm were computed in relative units. Then, one-way ANOVA followed by Tukey post hoc tests were carried out to determine statistical differences between the means of the AUC of each group with a 0.05 significance level. As a second step, a multivariate statistical analysis of principal components (PCA) was performed over the whole spectral data set. This analysis reduces the number of variables with minimum loss of information. 19 Principal components (PCs) that accounted for most of the variance (>99%) and that correspond to the eigenvalues before the cut-off point or "elbow" of the Scree plot 20 were taken for the construction of a linear discriminant analysis (LDA) classification model. A linear model was chosen due to the limited number of available observations and its better stability to variations in the statistical data. 21 A supervised classification scheme was developed using the LDA model, where the independent variables were the five most significant PCs that accounted for over 99% of the variance of the whole set of observations, and taking into account the membership to the groups-MCC, MCD2w, and MCD8w-as the classes in this classification framework. Afterward, the classification and cross-validation procedures were carried out following a leave-one-out scheme for each one of the observations, i.e., for each measured spectrum that was reduced to its five PCs, to prove the belonging of each observation to its corresponding class. To be specific, all data were used as training data and cross validation was performed excluding data "one at a time" to judge which group it should be assigned to and then verifying whether the classification was correct or not. Such framework allows the validation of the classification scheme through the determination of the confusion matrix, which was constructed to contrast the predicted versus the actual class membership; the calculation of the classification rate errors as the value in percent of misclassifications relative to the number of observations. Also, a canonical score plot of LDA was performed to define the axes that provide and visualize maximum separation among the groups. Given the fact that the canonical variables are uncorrelated linear functions of the original set of variables, in our case, there were three groups or classes; therefore, there will be two canonical variables. Probability estimates obtained from the above classification model were then used as scores to obtain receiver operating characteristic (ROC) curves fixing in every case one state as positive (i.e., belonging to its class) and the other two as negative. The ROC curve plots the proportion of true positives (sensitivity) against the proportion of false positives (1 − specificity) for every possible value of the threshold (in our case, the posterior probability obtained from the classification model). 22 The AUC was obtained for every ROC curve and they were used for comparison of the discriminative power of different tests. Optimal values of sensitivity and specificity for each ROC curve were found using the criterion of the Youden index, which is calculated as the cut-point where the maximum of ðsensitivity þ specificityÞ − 1 occurs. 23 In this way, the effectiveness of using the classification results as predictors was evaluated, the Youden index is optimal in the sense that it is the cut-point that optimizes the predictors differentiating ability when equal weight is given to sensitivity and specificity. The whole statistical analysis was conducted using MATLAB R2016a (Mathworks, Natick, Massachusetts, USA).
Results
Hepatic Steatosis
Mice receiving MCC diet for 2 or 8 weeks did not exhibit any hepatic architectural alteration as it can be observed in the first row of Fig. 2(a) , where typical images of Hematoxylin-Eosin stained liver sections are displayed on the left side; on the right side, characteristic images of liver sections stained with oil red are shown. Thus liver samples from mice fed with MCC diet for 2 or 8 weeks were considered as one single control group (MCC). For the MCD groups, simple steatosis was confirmed by NAS (values 1 or 2). According to the time of treatment, significantly increased liver fat was observed in mice fed MCD diet [see the second and third rows of Fig. 2(a) ]. The obtained percent values of liver fat content are displayed in a bar plot in Fig. 2(b) , where the error bars stand for the positive half of the standard deviation. An ANOVA statistical test was performed with the null hypothesis that the means of all groups are equal at the 0.05 significance level. The null hypothesis could be rejected by ANOVA test. However, it was still necessary to determine which one of the fat-content mean-values is different from the rest. For that reason, a Tukey multiple comparison test was applied. It was found that it is not possible to differentiate the mean fat content between the MCD2w and MCD8w groups [indicated by a line over the bars in Fig. 2(b) ] while the mean fat content of the MCC group differentiates, with 0.05 significance level, from both simple steatosis groups: MCD2w and MCD8w. However, the mean size of fat droplets was significantly different among MCD2w and MCD8w (MCD2w ¼ 17.3 AE 8.5; MCD8w 33.0 AE 7.9 μm, p < 0.05).
Diffuse Reflectance Spectra
Average diffuse reflectance measurements were obtained for every group. The calculated mean AE dispersion bars spectra for each group are plotted in Fig. 3(a) . Although the dispersion bars for MCD groups partially overlap, there is evidence that reflectance spectra from different groups have intensity differences in the range from 500 to 800 nm, which become more significant as the fat content increases. Interestingly, around 560 nm, a large decrease in reflectance is observed. Also, the AUC from 400 to 800 nm seems to point to a difference between groups with simple steatosis and the control (AUC: MCC ¼ 0.20 AE 0.06, MCD2w ¼ 0.29 AE 0.07, and MCD8w ¼ 0.35 AE 0.05; p < 0.05) as seen from Fig. 3(b) ; these differences increase when the AUC is calculated from 630 to 800 nm (AUC for MCC ¼ 0.26 AE 0.06, MCD2w ¼ 0.41 AE 0.09, and MCD8w ¼ 0.50 AE 0.09; p < 0.05). The ANOVA and Tukey tests yielded that at 0.05 significance level it is possible to reject the hypothesis that the population means are equal and determined that the difference between the means of all groups is significant, thus pointing to the fact that indeed the DR spectra have distinctive differences for all groups. However, a more detailed statistical analysis will follow below to delve into these observations. Visually, the percentage of liver fat content in Fig. 2(b) and the areas of DR curves in Fig. 3(b) appear to be correlated, in fact averaging those variables for each animal a Spearman correlation coefficient of 0.836 was found.
PCA and LDA
The first five PC values, accounting for 99.97% of the variance, were estimated and selected for a supervised discriminant analysis classification. Even though equality test of group covariance matrices failed at 0.05 significance level (natural log of the determinants of each group's covariance matrix being −19.94, −18.35, and −15.72, respectively), the linear variant of the discriminant analysis was enforced because the number of observations was near the recommended lower valid number of observations for its quadratic analog, which may cause an incremented variance with variations on input data. The canonical score plot of the LDA is shown in Fig. 4(a) , where the center of each group is marked with "×." The coefficients of the equations of the straight lines shown in Fig. 4(a) for the boundaries between classes were readily available from the linear discriminant classifier model. Discrimination of the healthy group from the groups suffering from fatty liver is observed. Table 1 shows the confusion matrix (actual classification of groups based on the exposure time to MCD diet versus predicted classification groups obtained from DRS measurements plus statistical analysis) for the LDA. The diagonal values (highlighted in bold font) reflect the percentage of correct group classification, where all controls were correctly assigned to control group, whereas 78.32% and 87.88% were assigned to the simple steatosis groups MCD2w and MCD8w, respectively. Values in the total line reflect the sum in percentage of all measurements assigned by the classification model to every predicted group, relative to all measurements. Cross-validation error rates of 0.00%, 22.38%, and 12.88% were close enough to the classification error rates at 0.00%, 21.68%, and 12.12% for the respective MCC, MCD2w, and MCD8w groups to validate the used classification model. The corresponding overall cross-validation classification error at 11.45% is calculated using the cross-validation error rate values obtained for each group corrected by the different in group membership of each group, this difference is accounted multiplying each error rate value for the prior probability for each group (number of observations in the group divided by the total number of observations) and it was in good agreement with the 10.98% classification error, which was calculated in a similar way ð21.68% Ã 0.33411Þ þ ð12.12% Ã 0.30841Þ ¼ 10.9814%. Figure 4(b) shows the obtained ROC curves; the high specificity and sensitivity are observed for control (MCC) versus simple steatosis (MCD2w and MCD8w). For each ROC curve, the AUC was obtained and the optimal threshold points in the form of (sensitivity, 1 − specificity) were found according to the criterion of the Youden index as follows: (0.99, 0.00), (0.93, 0.11), and (0.90, 0.05) for MCM, MCD2w, and MCD8w groups, respectively; which gives an average value of (0.94, 0.05).
Discussion
The liver is mainly composed by water ð76 AE 7Þ%, lipids ð19 AE 11Þ%, bile ð6.6 AE 4.5Þ%, and blood ð3.4 AE 2Þ% (all expressed in volume fractions). Under visible light, these components show absorption coefficients of the order of ≤10 −2 , ≤10 −1 , 10 2 to 10 0 , and 10 3 to 10 1 cm −1 , respectively. 24 Fat and blood show similar reduced scattering coefficients of about of 10 cm −1 . 25, 26 When the lipid fraction in the liver rises, as a consequence of steatosis progression [see Fig. 2(b) ], the light scattering increases and absorption decreases in the hepatic parenchyma, producing a higher diffuse reflectance, as it can be seen in Fig. 3(a) . The increasing size of the fat droplets as steatosis advances also contributes to the reflectance growth, 27 which could account for a rising of the reduced scattering coefficient of about 25% when the droplets average diameter rises from 17.3 AE 8.5 μm for the MCD2w to 33.0 AE 7.9 μm for the MCD8w.
The decrease of the spectra at 560 nm is consistent with the peak of the absorption coefficient in the healthy liver 28 as a consequence of peaks of maximal absorption for hemoglobin (Hb, Hb-O 2 ) and fat in the range of 500 to 560 nm. 24, 29 Moreover, the minimal reflectance value at 560 nm in Fig. 3(a) agrees with the maximal peaks of the Hb and fat absorption coefficients. 24, 29 A reduction of the absolute slope in the range of 500 to 550 nm is also noticeable as steatosis grows (−0.62 nm −1 for MCC, −0.30 nm −1 for MCD2w, and −0.04 nm −1 for MCD8w) that could be used as a differentiation parameter. 30 However, the uncertainties of the slope values are high, increasing with the tissue fat content for the MCD8w group. This result is consistent with the observed histological images, such as the ones depicted in Fig. 2(a) , where the tissue heterogeneity increases together with the fat content. These heterogeneities should be responsible for the increasing dispersion in the slope values in the region of interest of the spectra taken at different points in the tissue.
Our present results describe the use of DRS in assessing liver steatosis in ex vivo samples from an experimental model of NAFLD. The approach used here was invasive, and it needs a direct contact of the probe with the sample. In this sense, it could be relevant in liver graft assessment, from both cadaveric and live donors, before liver transplantation. Nevertheless, a lesser invasive application of this tool in vivo is possible using endoscopic instrumentation, we have previously reported the use of DRS as an effective tool to evaluate the optical differences among normal and fibrotic liver both in an animal model of hepatic chronic disease 12 and in paraffin preserved human samples. 31 Other reports support DRS use in assessing liver pathologies. [14] [15] [16] [17] 24, 32 NAFLD is an increasingly common hepatic disease worldwide, with a spectrum that comprises from simple steatosis, a benign lipid accumulation in the hepatic parenchyma; through NASH, which besides steatosis, includes inflammation and features of oxidative stress. NASH is considered a cause to develop fibrosis, cirrhosis, HCC, and liver failure.
2 Diagnosis of simple steatosis and NASH is performed by liver biopsy; in fact, this is the only accepted tool able to discern simple steatosis from NASH. Structural and compositional changes evident in the hepatic parenchyma could be used to apply spectrometric strategies in evaluating the progression of NAFLD. Particularly, it is of great importance to assess the quality of liver grafts prior to transplantation and to perform an accurate classification of the mild and moderate grades of lipid accumulation in the liver with the aim of identifying patients at higher risk of progressing from simple steatosis to NASH and end-stage liver disease. However, these changes become increasingly heterogeneous as the disease advances. In this paper, we report data only on simple steatosis in order to avoid confusion due to the more heterogeneous compositional differences present in NASH. We excluded samples showing inflammation (only NAS ≤2 were included); we hypothesized that the presence of cells and molecules involved in inflammation might account for higher heterogeneity in the tissue, therefore, differences on its optical properties as well as the DRS obtained. Although we identified some subjects showing inflammation and ballooning (that were fed MCD diet during 12 weeks and were excluded from this analysis), by now we have not analyzed the differences between NASH and simple steatosis and their relationship to fat or to other factors derived from inflammation and fibrosis.
Previous work by Westerkamp et al. 17 has shown the applicability of interstitial ex vivo infrared DRS (around 1200 nm) in lipid quantification in murine models of fatty liver disease; obtaining for the differentiation between mild and moderate severe/severe steatosis a sensitivity and a specificity of 86% and 81%, respectively. Here, using DRS from 400 to 800 nm, we report average sensitivities and specificities of 94% and 95%, respectively, for the discrimination between healthy, mild, and advanced steatosis. We were able to assess the presence of steatosis in the liver exposed to an MCD diet for 2 or 8 weeks. Lipid contents were associated to an increased AUC of the corresponding spectra compared to control livers [ Fig. 3(b) ].
The five most significant PCs provided a very good separation among hepatic steatosis and healthy livers with 99% sensibility and 99% specificity. The applicability of DRS in assessing simple steatosis was confirmed by LDA [ Fig. 4(a) ]. In fact, misclassification rates were low (<22%) among the groups. Application of the first five PCs allowed us to discriminate simple steatosis from healthy liver with high specificity and sensitivity as shown in the ROC curves [ Fig. 4(b) ]. The averaged AUC obtained for the ROC curves was 0.98 indicating a very good performance of reflectance measurements to correctly differentiate among the groups. We evaluated DRS spectra from 400 to 800 nm, it is likely that instead of using a full spectrum some specific spectral features might be sufficient to provide information about fat contents in the hepatic parenchyma. For example, key wavelengths like 560 nm might offer valuable information since it coincides with Hb and fat absorbance, and our data show an increase in reflectance associated to steatosis. Other features could also contribute, including the AUC not only for the full spectra but also for intervals of characteristic regions such as 500 to 570, 570 to 635, and 635 to 800 nm, all of which exhibited a significant difference between the means of the groups at the 0.05 level. Previously, we discussed the slopes in the region from 500 to 550 nm; however, the uncertainties of the slope values were too high to be used as a classification parameter for steatosis, at least in our model. Some other models of NAFLD could provide valuable information regarding the use of DRS in staging this disease and even differentiating among micro-and macrovesicular steatosis, including the genetically modified mouse (ob/ob) or rat (fa/fa); or the metabolically affected by diet induced obesity, etc. The MCD model of NAFLD used here shows micro-and macrovesicular steatosis in the early stages (MCD2w) but as steatosis advances, only macrovesicular steatosis is observed (MCD8w). Our results suggest that the size of the fat droplets could contribute to the increase of the observed reflectance.
Some limitations in our study include the use of experimental samples; however, with the evidence shown here we would be able to apply this tool in assessing samples of clinical impact such as liver grafts and surgical biopsies. Also we studied only simple steatosis; inflammation and ballooning in NASH are still to be analyzed by DRS.
Another limitation was the invasiveness of our approach; noninvasive alternatives have been developed in order to assess liver steatosis. For example, application of controlled attenuated parameter (CAP) in transient elastography is able to differentiate among degrees of steatosis. 33 CAP measures the ultrasonic attenuation in the liver based on the fact that fat affects ultrasound propagation. 34 Although CAP is highly promising for assessing steatosis, it is unable to differentiate micro-from macrovesicular steatosis and simple steatosis from NASH; therefore, more tools need to be developed.
Further research should be conducted to successfully apply DRS in the diagnosis of liver steatosis to discern simple steatosis from NASH, or NASH from developing fibrosis. Although we Journal of Biomedical Optics 115005-6 November 2018 • Vol. 23 (11) measured ex vivo livers through the Glisson's capsule, we do not consider it as a limitation since it has been shown that surface measurements through the capsule are representative of the liver parenchyma. 16 
Conclusions
We have shown in an animal model that DRS with vis-NIR light is a highly sensitive and specific tool for the evaluation of steatosis. The systemic fat accumulation in the liver raises the diffuse reflectance. That is particularly evident in the wavelength range of 550 to 800 nm. The area under the diffuse reflectance curve reliably differentiates MCD2w and MCD8w groups where fat histopathological evaluation method fails. The multivariate statistical analysis shows that it is possible to use DRS measurements to accurately categorize the different stages of steatosis. The high correlation between the reflectance measurements and the fat histopathological evaluation indicates that the DRS could fill the existing void in evaluation of the type and degree of steatosis.
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